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Eukaryotic transcription involves the synergistic interaction of many different proteins. However,
the question remains how eukaryotic promoters achieve ultrasensitive or threshold responses to
changes in the concentration or activity of a single transcription factor (TF). We show theoretically
that by recruiting a histone-modifying enzyme, a TF binding non-cooperatively to a single site can
change the balance between opposing positive feedback loops in histone modiﬁcation to produce a
large change in gene expression in response to a small change in concentration of the TF. This
mechanism can also generate bistable promoter responses, allowing a gene to be on in some cells
and off in others, despite the cells being in identical conditions. In addition, the system provides a
simple means by which the activities of many TFs could be integrated at a promoter.
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Introduction
Ultrasensitivity, or threshold behaviour, where small changes
in a stimulus near some threshold value produce a large
change in a response, but large changes in the stimulus
far from the threshold produce small changes in the response
(i.e., a sigmoidal stimulus–response curve), is an important
property of many biological systems Koshland et al, 1982;
Ferrell, 1996. Ultrasensitivity can function to dampen irrele-
vant ﬂuctuations in the signal, yet allows a decisive response
when needed. Prokaryotic transcription factors (TFs) often
have ultrasensitive activating or repressing effects by virtue of
cooperative binding of the TF to multiple DNA sites. Although
eukaryotic transcription is a highly synergistic process,
involving the cooperative action of many different DNA-
associated proteins (Carey, 1998; Naar et al, 2001; Figure 1A),
this synergy does not in itself provide a mechanism for
ultrasensitiveresponsestochangesinconcentrationoractivity
of a single TF. Such ultrasensitivity can be produced, as in
bacteria, by direct cooperative binding of the TF due to
favourable contacts between the TF protomers bound at
different sites (Burz et al, 1998; Figure 1A, TF1). Cooperative
binding can also be indirect. TF protomers bound at different
sites may be able to simultaneously make favourable contacts
with some common target such as proteins of the transcrip-
tional apparatus (Carey, 1998; Figure 1A, TF2). Alternatively,
in collaborative competition, binding of the TF to one site
competes with a nucleosome that can block binding of the TF
to other sites (Miller and Widom, 2003; Figure 1A, TF3).
However, it is not clear how common these cooperative
binding mechanisms are in eukaryotes. Here, we propose a
mechanism for generating high ultrasensitivity that does not
require cooperative TF binding, but rather involves nucleo-
some modiﬁcations.
Many eukaryotic TFs act, at least in part, by recruiting
histone-modifying enzymes to the promoter region Figure 1B.
These enzymes include histone acetyltransferases and deace-
tylases (HATs and HDACs; Struhl, 1998; Naar et al, 2001;
Eberharter and Becker, 2002), methyltransferases (HMTs;
Demers et al, 2007) and demethylases (HDMs; Swigut and
Wysocka, 2007). This recruitment can result in changes to the
modiﬁcation stateofnearbynucleosomes(Vignali et al,2000).
In turn, the histone modiﬁcations carried by the nucleosomes
located in the vicinity of the promoter affect transcription,
although in ways that are not yet well understood. Histone
modiﬁcations change the DNA-binding properties of the
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proteins (Anderson et al, 2001), and also can affect the binding
of other proteins, including those of the transcription
apparatus, to the nucleosomes themselves (Naar et al, 2001;
Taverna et al, 2007; Vermeulen et al, 2007). Again, recruitment
of a particular histone-modifying enzyme should not in itself
provide an ultrasensitive transcriptional response, because
changes in the localized activity of the enzyme should be
linearwithrespecttochangesintheDNAsiteoccupancyofthe
TF that recruits it.
However, it has been proposed that nucleosome modiﬁca-
tions can sustain positive feedback loops, where nucleosomes
carrying a particular modiﬁcation recruit enzymes capable of
maintaining the same modiﬁcation state among neighbouring
nucleosomes (Grunstein, 1998; Turner, 1998; Schreiber and
Bernstein, 2002). We show that such feedback loops can
convertlinearchangesinDNAoccupationbyaTFintoahighly
ultrasensitive transcriptional response.
Results and discussion
The model
We previously introduced a simpliﬁed numerical model of
positive feedback in nucleosome modiﬁcation for investiga-
tion of epigenetic cell memory (Dodd et al, 2007). The model
considers a patch of N nucleosomes carrying mutually
exclusive modiﬁcations, for example, methylation or acetyla-
tionofaspeciﬁclysineresidue(suchaslysine9ofhistoneH3),
giving three types of nucleosome with regard to this modiﬁca-
tion: methylated (M), unmodiﬁed (U) or acetylated (A).
Nucleosomeinterconversionscanoccurbyapositivefeedback
process, where acetylated nucleosomes recruit speciﬁc HDMs
and HATs, while methylated nucleosomes recruit HDACs and
HMTs that can act on any other nucleosome in the patch
(Figure 2). As well as these local positive feedback reactions,
non-feedback or ‘noisy’ interconversions can occur indepen-
dently of the local nucleosomes, for example, through the
action of non-recruited enzymes or enzymes bound to
nucleosomes outside the patch. The relative strengths of the
feedbackand noise processesis parameterized bya (Figure2),
with the feedback-to-noise ratio, F deﬁned as F¼a(1 a). We
found that with increasing N and F, the patch of nucleosomes
becomes increasingly bistable, existing in either a highly
acetylated or a highly methylated state with rare transitions
between the states. Bistability also required the positive
feedback reactions leading to one modiﬁcation to be of similar
efﬁciency to those leading to the opposing modiﬁcation (Dodd
et al, 2007).
Here,wemaketwochangestothismodeltoinvestigategene
activation or repression by a TF that recruits a histone-
modifying enzyme. First, we allow the relative strengths of the
positive feedback reactions in one direction(e.g. towards A) to
be of a different strength to the reactions in the other direction
(e.g. towards M). The balance of these reactions is expressed
by the parameter m (Figure 2). If m deviates signiﬁcantly
from 0.5, indicating an imbalance, then the patch of nucleo-
somes is only stable in one modiﬁcation state (Dodd et al,
2007). We imagine that for any particular mutually exclusive
modiﬁcation (e.g. the M and A in Figure 2), the concentrations
of modifying enzymes, their afﬁnities for the recruiting
nucleosomes and their enzymatic activities will often differ
so that one modiﬁcation will be favoured, possibly in a
location-dependent manner, so that a particular patch of
nucleosomes will tend to exist by default in a particular
modiﬁcation state.
Second, we add a TF that binds to the DNA within the
nucleosome patch and recruits a histone-modifying enzyme,
bringing the enzyme into proximity with the nucleosomes in
thepatchandfacilitatingtheir modiﬁcation(Figure1B). Wedo
not consider any other action of the TF (e.g. direct interaction
with the transcription complex). The strength of the TF-
stimulated reaction is given bys, which sets an additional rate
for the U to A transition; a larger s makes it proportionally
more likely to change a U to an A anywhere in the system
(Figure 2). We imagine that increases in s result from
increases in the activity or concentration of the TF that, in
turn, increase occupation of its DNA-binding site or its ability
to recruit the modifying enzyme.
Ultrasensitive responses
In Figure 3, we show the results of iterating the reaction steps
of Figure 2 when, by default, the patch contains a low
proportion of A-type nucleosomes due to an imbalance in the
feedback reactions due to m¼2/3 (i.e., M-favouring reactions
are twice as likely as A-favouring reactions). As the strength of
the TF-stimulated HAT reaction is increased (s increased
Figure 1 Models of regulation by TFs. (A) TFs (rounded boxes) bind to DNA and interact with components of the transcriptional apparatus (ovals). Ultrasensitivity in
the response to the TF can arise through cooperative binding of the TF to multiple sites mediated by direct contact (TF1), simultaneous contact with the same target
complex (TF2), or by collaborative exclusion of nucleosomes (TF3). Binding of a monomeric TF (red) to a single site cannot provide ultrasensitivity. (B) A TF affects
promoter activity by binding to DNA and recruiting a histone-modifying enzyme (squares) that alters the modiﬁcation state of the local nucleosomes (circles). If modiﬁed
nucleosomesthemselvesrecruitenzymesthatfosterthesamemodiﬁcationonothernucleosomes(orangearrows),inapositivefeedbackloop(Doddetal,2007),thena
TF that binds non-cooperatively can produce an ultrasensitive response.
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nucleosomes, /AS, increases to the point where A nucleo-
somes dominate the patch. Depending on the parameters, the
model is able to give a range of ultrasensitive responses of
/AS to increases in s (Figure 3, upper panels), as quantiﬁed
by the Hill coefﬁcient h, with h41 indicating ultrasensitivity
(Koshland et al, 1982; Ferrell, 1996). If promoter activity is
taken to be proportional to /AS and s is taken to be
proportional to TF activity, such that the only source of non-
linearity in the system is the nucleosome modiﬁcation
reactions, then it is clear that this mechanism alone can
generate an ultrasensitive response of promoter activity to TF
activity.
The ultrasensitivity arises from the positive feedback in the
modiﬁcation reactions. When there is a high fraction of one
nucleosome type, increases in the minority modiﬁcation due
to s are strongly resisted by the dominating activity of
the majority type. However, as the threshold (MBA)i s
approached, the resistance decreases, because the opposing
feedback reactions are more balanced, allowing changes in A
to occur easily. The strength of the positive feedback increases
with F and N and thus these parameters control the
ultrasensitivity (Figure 3, top panels). In principle, this
could allow the ultrasensitivity of the response of a promoter
to a TF to be tuned by adjusting the strength of the
positive-feedback modiﬁcations relative to noise (F)o rb y
alterations to the size of the nucleosome patch (N). A Java
applet is available (http://www.cmol.nbi.dk/models/epitrans/
transcript.html) for exploration of these relationships.
Although Figure 3 shows activation by recruitment of
a modifying enzyme that adds a modiﬁcation (Figure 2),
recruitment of an enzyme that removes the opposing
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Figure 2 Model for positive feedback in nucleosome modiﬁcations, with
regulation by a TF that recruits a histone-modifying enzyme. The system is
comprised of N nucleosomes of three types: M, U and A, representing
nucleosomes that are methylated, unmodiﬁed or acetylated at a speciﬁc histone
residue. Interconversions occur by modiﬁcation and demodiﬁcation reactions
(black arrows) that can be stimulated (red arrows) by M or A nucleosomes
anywhere in the system (Dodd et al, 2007). Bias in the positive-feedback
reactions is introduced by the parameter m, and the strength of the TF-stimulated
modiﬁcation reaction (in this case histone acetylation) is set by s. The behaviour
of the system is examined by iteration of the sequence of reactions, as indicated
by the ﬂowchart. Diamonds are points where alternative reactions are chosen,
basedontheindicatedprobabilities.Thus,ineachtimestep,thereisaprobability
s that a positive-feedback reaction is attempted, or else a ‘noise’ reaction is
attempted. In each time step, there is also a probability s that a TF-stimulated
acetylation is attempted.
0.01
0.1
1
<A>
N=20
F=1
F=5
F=10
N=10 N=5
σ
A
0.01 0.1 1
0.8
0.6
0.4
0.2
0
σ
0.1 1
σ
0.1 1
h=7.9
h=4.0
h=1.2
F=1
F=5
F=10
F=1
F=5
F=10
h=3.9
h=2.6
h=1.2
h=2.4
h=1.9
h=1.2
Figure 3 Ultrasensitivity and bistable expression in response to TF stimulation. The steps in Figure 2 were iterated for systems with various numbers of nucleosomes
N, feedback-to-noise ratios F¼a(1 a), and different levels of recruited HAT activity s. The system was biased towards methylation by setting m¼2/3 (see Figure 2).
The upper panels show the average fraction of acetylated nucleosomes /AS versus s. The lower panels show the probabilities (lighter colours for higher) for the
system to exist with a particular fraction of A nucleosomes A for the cases where F¼5. The h values were obtained by ﬁtting the curves to /AS A0Ns
h/(kþs
h),
varying A0, K and h.
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system is not limited to activation by a TF. If the modiﬁcation
favoured by the TF has an inhibitory effect on the promoter,
then an ultrasensitive repressive response can be produced.
Comparison with experimental data
The nucleosome modiﬁcation model is easily able to re-
produce observed in vivo ultrasensitivities. Rossi et al (2000)
foundHillcoefﬁcients(h)of1.6–3.2fordoxycyclineregulation
of promoters activated by Tet repressor–VP16 fusions, while
Ajo-Franklin et al (2007) found h values of 2.7–3.6 for
promoter control by VP16-derived activation domains fused
to ZifH or LexA DNA-binding domains. Because multiple
adjacent activator DNA-binding sites were used, it is possible
(but was not tested) that the ultrasensitivities were caused by
cooperativeDNAbinding.However,theresponsesmayalsobe
explained by our model, as the VP16 activation domain has
been shown to interact with HATs, and when fused to the Gal4
DNA-binding domain can target HATactivity to nucleosomes
around the Gal4-binding site (Vignali et al, 2000). In these
experiments, the two models could be tested by measuring
ultrasensitivity with the same number of activator binding
sites but placed at separate locations, which should disrupt
cooperative binding, but not our mechanism.
The model can also explain the results of Carey et al (1990),
in which an ultrasensitive promoter response was seen with
respect to increasing copies (in tandem) of a binding site for a
Gal4–VP16 activator. Because all the binding sites were
saturated with TF, Carey and co-workers ruled out cooperative
binding and proposed that the ultrasensitivity was due to 5–10
TF molecules simultaneously contacting the transcription
machinery. We ﬁnd it sterically implausible that the transcrip-
tion machinery has so many sites simultaneously available to
adjacently bound VP16 moities, while the results are easily
explained by VP16 at each saturated binding site recruiting
additional HATactivity, adding to s.
Conditions in the model that give high ultrasensitivity also
produce bistability. The lower panels of Figure 3 show the
probability distributions of the fraction of A nucleosomes at
various s. In the high ultrasensitivity case (left panel), there
are some s values for which the promoter can exist with high
probability in either a high- or a low-A state. Such bistability
cannot arise from cooperative TF binding, even at high
ultrasensitivities, as without positive feedback there can be
only one promoter activity for each TF activity. Bistability by
our mechanism may help explain observations of bimodal
geneexpression,whereinapopulationofcells,apromotercan
be fully on in some cells and fully off in the others, despite the
cells being in the same environment (Fiering et al, 2000; Rossi
et al, 2000). Stable bimodal expression can result from the
combination of high ultrasensitivity and differences in TF
levels between cells, as long as these differences span the
off–on transition region and are reasonably persistent. In
contrast, bimodal expression in our model can occur even
when promoters are exposed to identical conditions, also
explainingbimodal promoteractivity within different nucleiin
theonecell (Newlands etal,1998)oreveninthesamenucleus
(Riviere et al, 1998).
Adaptability to complex regulation
We note also that the proposed mechanism provides a
straightforward means by which the activities of many TFs
can be integrated at the promoter. If each TFrecruits a histone-
modifying enzyme that affects the balance between a
particular pair of modiﬁcations (i.e., stimulates one of the
four modiﬁcation reactions; Figure 2), then the activities of
these TFs combine to produce a single output. An analysis of
the way in which these signals combine is beyond the scope of
this report; however, our preliminary investigations indicate
that the integration is not simply additive and depends on
which combination of reactions is stimulated.
Finally, the evolution of a system consisting of indirectly
acting TF factors should be less constrained than for systems
requiring direct contact with the transcription complex.
Evolution of the promoter to respond to a new TF would
simply require the formation of a binding site in the DNA
within the nucleosome patch. In contrast, evolution of a new
regulation by a TF that acts by recruiting or stabilizing RNAP
bindingislikelytobelimitedbythestereochemicalconstraints
of linking a DNA-binding site and an available contact site on
the transcriptional apparatus.
Thus, positive-feedback loops in nucleosome modiﬁcation
can, in theory, provide not only a mechanism for long-term
epigenetic memory (Dodd et al, 2007), but also a powerful
system for controlling the way in which a promoter responds
to and integrates multiple signals. Our modelling highlights
the importance of further experimental work to substantiate
and characterize such feedback loops.
Materials and methods
The model outlined in Figure 2 is simulated as an ongoing sequence of
events (time steps) that take place in a system consisting of N
nucleosomes (sites).Each site can bein one ofthe three states: M,U or
A. There are no intermediates between these states; we disregard
nucleosome heteromodiﬁcation (possible as any nucleosome has two
copies of any speciﬁc histone residue). Furthermore, we only allow
transitionsbetweenAandU, andU andM,thatis,nodirecttransitions
between A and M. Furthermore, in the standard model, we disregard
any positional effects, implying that the state of the system is
completely characterized by the fraction of M sites (M) and the
fraction of A sites (A). Given M and A the fraction of U sites is
U¼N A M.
The dynamics of the system is determined by two intrinsic
parameters, F¼a(1 a)40 and mE [0,1] plus one external parameter
s that quantiﬁes the strength of the TF.
The system dynamics is simulated in time steps (Figure 2).
First,weconsidertheTF-independentmove,extendingtheprevious
model (Dodd et al, 2007) to take into account asymmetry between the
strength of the recruited enzymes facilitating more Ms and the one
facilitating more As. This asymmetry is large when the parameter m is
close to 0 or 1.
  At each time step, one ﬁrst selects a random nucleosome n1 among
the 1,2yN nucleosomes in the system. Then:
  One selects a random number r from a uniform distribution over
the interval [0,1]. If roa, one attempts a move that simulates the
feedbackfromthesystem.Thisisdonebyselectinganotherrandom
nucleosome n2 from anywhere in the system and letting this
attempt to mediate a change in n1:
  If n2 is in the M state, one with probability m changes n1 one step
towards M. This means that an n1 in the A state makes a
transition to the U state, whereas an n1 in the U state makes a
transition to the M state. If n1 was already in the M state, no
change is made.
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step towards A. This means that an n1 in the M state makes a
transition to the U state, whereas an n1 in the U state makes a
transition to the A state. If n1 was already in the A state, no
change is made.
  If n2 is in the U state, no change is made.
  If rXa, one makes a noise move, where the change in n1 is
independentofthe restofthesystem.Whenn1 isinthe MorAstate,
itis changed toU with probability1/2.When n1 isintheU state,it is
changedtoMwithprobability1/2,orelseitischangedtotheAstate.
The above description of a single time-step involves some steps that
take place with probability mo1 and 1 mo1. To simulate an event
taking place with probability m, we select a random number x from a
uniform distribution between 0 and 1, and do the change if and only
if xom.
To simulate the action of a TF that recruits a HAT, we at each time-
step supplement the above action and:
  Select a random number xE[0,1]. If xos, we randomly select one of
the N nucleosomes in the system. If this nucleosome is in the U
state, it is changed to the A state. If the nucleosome is in any other
state then no change is made.
A small s simulates a situation where the TF is not bound to its
operatorveryoften,andtherefore,onlyrarelyinﬂuencesthesystem.A
large s corresponds to the case where the TFoften recruits a HAT that
makes an attempted acetylation somewhere in the system.
The model is sufﬁciently iterated over many time-steps to allow the
system to explore all its possible states. The data in Figure 3 are
collected from 10
9 iterations.
The program code, in Cþþ, is given in the Supplementary
information. An applet is provided at http://www.cmol.nbi.dk/
models/epitrans/transcript.html.
Supplementary information
Supplementary information is available at the Molecular Systems
Biology website (www.nature. com/msb).
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